Abstract. The intermolecular collision scheme is developed to obtain an excellent result even if cells are lengthened (more than the local mean free path) in the DSMC calculation. In the new scheme, the velocity of one molecule of a collision pair is modified before and after the substantial collision calculation (the core of the collision calculation), assuming that velocity distributions in all flowfield are in local equilibrium with some temperature and flow velocity (local Maxwellian distribution). The DSMC calculation should be repeated two or more times by using a coarse cell network. That is, the first calculation is done by the conventional collision scheme, and the second (or more) calculation is repeated by the new collision scheme using local Maxwellian velocity distributions that are obtained by the first (or earlier) calculation. The new collision scheme is applied to a one-dimensional normal shock wave, a two-dimensional vortex in a square cavity, an axisymmetric supersonic free jet, and a three-dimensional supersonic jet, respectively, and its effect on them is confirmed. In the axisymmetric problem and the three-dimensional problem, however, it turns out that a complete modification of velocities of molecules in the new scheme might produce distortions of flowfield and, consequently, the velocity modifications might be limited to 50 or 60% of their full effect.
INTRODUCTION
The DSMC method [1] has been developed as a numerical method for rarefied gas flow. Under the rapid progress of computer technology, its coverage tends to extend even to the continuum flow regime. The DSMC method has features different from continuum calculation methods like the finite difference method. The DSMC method has no unstable factor that a calculation diverges and has the merit that its boundary condition can be easily determined. Since the DSMC is a microscopic calculation method that deals with molecules directly, it might become possible to elucidate unstable fluid phenomena such as a turbulent flow. The most serious problem, when the DSMC method is applied to a continuum fluid, is that it is necessary to divide the flowfield into a network of cells the dimension of which is smaller than the local mean free path. In the intermolecular collision of the DSMC method, all molecules existing in the identical cell can become a possible collision pair regardless of their relative location. Therefore, it is natural that the length of cell should be smaller than the local mean free path. However, except a micro flow whose flowfield is almost invisible, it is difficult to divide a three-dimensional flowfield at standard pressure into very small cells. It has become clear from our investigations [2] that when the no-time-counter method [3] or the nullcollision method [4] is used, the average number of molecules in a cell can be reduced to only one (in an extreme case) or two. Nevertheless, when the number of cells in the flowfield becomes large, the number of molecules becomes so large that we cannot deal with them in a computer we can use. Bird has proposed the subcell scheme in which a usual cell is divided into more fine cells (subcells) in 1986 [5] . Since each cell must have about twenty or more molecules in the time-counter method that is not used now, a usual cell is used to secure the number, and a subcell is used to select collision pair which is the nearest-neighbor. However the meaning of the subcell method is weakened because the least number of molecule in a cell can be one or two on average in the no-time-counter or the null-collision method. Note that the program code of the subcell scheme written in Bird's book [1] does not necessarily select the nearest-neighbor molecules in two-or three-dimensional problems because the subcell code has been made for one-dimensional problems.
If the size of the cell can be enlarged much more than the local mean free path, the DSMC method would become very useful in every flowfield. Then, the total number of molecules and the total number of cells can be reduced and the efficiency of the DSMC calculation becomes very high. Now, let's consider a zero-dimensional problem whose flowfield is not divided by any cell. Even if two molecules are far away from each other, they can collide in the zero-dimensional flowfield. Moreover, the separation length of molecules of a collision pair on the axis that is not objects of consideration can become very large in a one-dimensional or a two-dimensional flowfield. The reason why the cell dimension can be infinitely lengthened is that the flow properties in the flowfield do not change in that direction. It means that molecules selected at any location of the direction are in the identical situation. Then, if the velocity of molecules can be modified as if the flow properties at different locations become the same value, two molecules may be able to collide even if they are separated far away in a direction where the change of the flow properties exists. In the present paper the new intermolecular collision scheme in which velocities of a molecule are modified according to positions of a collision pair is developed to obtain an excellent result even if the cell network is coarse and the separation length of collision molecules is long. This new collision scheme is applied to (1) a onedimensional normal shock wave, (2) a two-dimensional vortex in a square cavity, (3) an axisymmetric supersonic jet plume, and (4) a three-dimensional structure of a free jet flowing through a circular orifice, and its effects on them are investigated. If the improvement is accepted in all the results, there may be the strong possibility that the DSMC method can be used to simulate the continuum flow including a turbulent flow using this technique in the future.
NEW INTERMOLECULAR COLLISION SCHEME
The average distance between molecules of a collision pair is in proportion to the cell length when two molecules are chosen at random among molecules in the cell. If the cell length is larger than the local mean free path, the molecules that should not collide normally may come to collide, and the result of simulation may be distorted. It would be favorable that in an intermolecular collision the second molecule as a collision partner could be selected at the same location that the first molecule is selected at. As in the test particle Monte Carlo method, a virtual molecule might be generated from the velocity distribution that is derived from the flow properties at the position where the first molecule is found. However, it is unsuitable in the DSMC method because the calculation time for generating the virtual molecule would become long and also the momentum and the energy may not be conserved precisely. As an alternative, the velocity of a molecule being at a different location may be modified as if the molecule would be located at the same position as the first selected molecule. Let's assume that the velocity distribution in all places is in local equilibrium. Now, we call two molecules P and Q that participate in the intermolecular collision. The velocity of P is one value (point A in Fig. 1 ) of the velocity distribution 1 f at the location of P and the velocity of Q is one value of the velocity distribution 2 f at the location of Q. To transfer the molecule P to the same position as Q, we should move the point A to the appropriate position within the velocity distribution 2 f . The most natural method to move the point A into the velocity distribution 2 f is that the relative location of P within 2 f is maintained as the relative location A within 1 f . This velocity modification is calculated easily. The x velocity component 2 u in 2 f (the point B in Fig.1 ) is calculated from the original velocity 1 u of P using Eq.(1).
where 1 U and 1 x T are the flow velocity and the temperature of 1 f , and 2 U and 2
x T are those of 2 f . To use Eq.(1), it is necessary to find the temperature and the flow velocity at the location of the molecule P and also find those at the location of the molecule Q. To obtain the temperature and the flow velocity in the flowfield, we must first calculate the flow by the DSMC method using the conventional collision scheme in a coarse cell network. Let's call this calculation Pass 1. The variations of the temperature and the flow velocity (along ,
x , y and z axes) within the cell are each approximated as a linear function. The temperature and the flow velocity at any location are calculated using the results obtained by Pass 1. It is necessary to memorize the data of temperature and flow velocity into array variables as a table, so that the additional memory for those data is required. If the degree of nonequilibrium is small, the average temperature may be used such as
to reduce the memory. Moreover, it is also possible to memorize physical properties with a coarser cell network than the calculation cell to save the computer memory. The temperature and the flow velocity obtained by Pass 1 might be corrected by the calculation that follows Pass 1. The core of an intermolecular collision calculation is the same as the conventional calculation, although using the modified velocity 2 u ( ,
w ) of the molecule P calculated by Eq.(1). As a result, let's assume that the velocity of the molecule P changes to the point C ( b u 2 ) on the velocity distribution 2 f as in Fig.1 . The calculation of the intermolecular collision does not end yet. We should bring the velocity of the molecule P to the position D ( b u 1 ) on the velocity distribution 1 f because P must return back to the original location. The velocity modification is performed by Eq.(2) as in the first modification where Eq.(1) is used.
Why should the molecule P return to the original location? The answer is that the molecular location must change only by the molecular motion in the DSMC method and that if it is forced to change by other factors, the method loses its feature about the molecular motion. The reason of transferring the molecule P temporarily to the location of the molecule Q is that both P and Q must find a virtual collision partner at their locations. It is not a problem which molecule of a collision pair becomes P or Q. In a simulation for a turbulent flow, the continuum calculation such as the finite difference method usually uses a turbulent model such as the k-ε model in order to compensate a rough cell network because the direct simulation of continuum flows can apply only to a very small flowfield. If the present intermolecular collision scheme of the DSMC method is used, since two molecules which participate in a collision locate at the same position fundamentally, its applicability to the turbulent flow may be promising in the future, though the variations of physical properties within a cell are approximated by linear functions at this time.
RESULT AND CONSIDERATION

One Dimensional Normal Shock Wave
The new collision scheme is applied to the calculation of one-dimensional normal shock wave as the simplest application. The original program code for the calculation is included in Bird's book [1] . Since it is a onedimensional problem, three velocity-components of a molecule that participates in a collision are modified for only one direction (x direction). The location of the shock wave is subject to a random walk as noted by Bird, so that it is necessary to hold the shock wave to obtain the temperature and the flow velocity used for the velocity modification and to modify velocities of molecules. We solve this problem by matching the center of the shock wave to a fixed point. The density and the temperature profiles are compared between the two collision schemes; the conventional scheme and the present one. The shock Mach number is 1.4. The total number of molecules is 30000 in all cases. Figure 2 shows the results obtained by the conventional method. The flowfield whose length is 45 times the mean free path of the stagnation is divided by 300 cells or by 20 cells. The thicknesses of the shock wave both in the density and in the temperature obtained by 20 cells are larger than those by 300 cells. It is known that the coarse cell network causes diffuse profiles in the flowfield as in the result obtained by 20 cells. In Fig. 3 the density and the temperature profiles calculated by the present new intermolecular collision scheme with 20 cells are compared to the results obtained by the conventional scheme with 300 cells. As mentioned earlier, the new scheme needs the pre- calculation (Pass 1) to obtain the temperature and the flow velocity in the flowfield. It is natural that the precalculation has been performed by using 20 cells. The results by the new scheme using 20 cells almost agree with those by the conventional scheme using 300 cells as shown in Fig. 3 . In addition, it turns out that if the field data that is used in the velocity modification of molecules is again made by the calculation that follows Pass 1, it is almost impossible to distinguish the two results. We can do a bold trial because this problem is one-dimensional. The entire flowfield has been simulated using one cell by the new collision scheme, where the modification of molecular velocities is calculated with the field data of 300 straight lines. That is, it is examined whether the shock wave structure given as an initial value is maintained by one cell in which any combination of molecules in the flowfield can become a collision pair. Figure 4 shows the final profiles of the density and the temperature. Although the profile obtained by only one cell does not completely maintain the initial shock wave structure, it is surprising that the two profiles are very close to each other. It can be said from the result that this new collision scheme is a very effective method when being obliged to use a coarse cell system.
Two-Dimensional Vortex in a Square Cavity
The new collision scheme is applied to a two-dimensional vortex as the second example. The two-dimensional vortex is generated in a square cavity with one moving diffusely reflecting wall and three specular walls. Bird has used this problem in his paper [5] where the DSMC method and the MD method are compared and he has proposed the subcell method. The side of the box is 24 mean free paths in length and speed of the moving wall is 0.6 times the most probable molecular speed in the undisturbed gas (See Fig. 5 ). The total number of molecules in the simulation is 6400 in any condition. One side of the box (cavity) is divided into 8 to 64 cells (8 cases) . In other words, the total number of cells is varied from 64 to 4096 in eight stages. However, the flow data is sampled using 64 (8x8) cells in every case. The mean peripheral speed in the cavity, that is the average of the velocity components parallel to the adjacent wall in the 24 outer cells (excluding the corner cells), is compared to different cell sizes. In Fig. 6 , squares indicate the results obtained by the conventional collision scheme, and dots indicate the results by the new collision scheme. The peripheral speed calculated using the conventional scheme reduces about 13% in the case of 8 cells as compared with that of 64 cells. On the other hand, a considerable improvement is attained by the new collision scheme, although a small variation exists according to the degree of division of the flowfield. Triangles are the results with 40 to 80% modification. In this imperfect modification, one molecule is not completely transferred to the position of the other molecule, but the modification of velocities is done for a fraction of the distance between these molecules. An unexpected distortion that might appear in the result of 100% modification in an axisymmetric calculation or a three-dimensional calculation does not appear in the result of 100% modification in this application. Here, we only examine the effect of an imperfect modification on the result about this problem. The result seems to be improved in proportion to the amount of the modification. Figure 7 is the comparisons of the profiles of the flow speed through the full flowfield between the case of 8 cells and that of 64 cells. The difference is hardly appreciable between the new collision scheme of 8 cells and the conventional scheme of 64 cells (lower in Fig. 7) . 
Supersonic Free Jet in an Axisymmetric Flowfield
The new collision scheme is applied to a supersonic free jet. This is the problem that one of the authors has tackled for many years. First, the free jet in an axisymmetric flowfield is targeted. Details of the calculation have been presented in the paper of the author [2, 6, 7, 8] . In order to simplify the simulation, the upstream flowfield of an orifice is omitted from the calculation, and the gas flows into the flowfield of calculation with the sound speed through the orifice. The original source program to which the new collision scheme is applied is open to the public, and it has been distributed free as software of a supersonic free jet at the RGD22. Anyone can still get its FORTRAN source file if he/she requests the author to send it by e-mail (usami@mach.mie-u.ac.jp). The Knudsen number Kn at the upstream stagnation that is defined by the stagnation mean free path divided by an orifice diameter d is about and the pressure ratio is 50. Figures 8 and 9 show the density profiles in the downstream flowfield of the orifice normalized by the stagnation density; (a) the conventional scheme with 249,600 cells, (b) the conventional scheme with 15,600 cells, (c) the new scheme with 15,600 cells. The cell length of (b) and (c) is almost four times larger than that of (a). The number of molecules used in each simulation is about (a) 14,000,000, (b) 450,000, and (c) 450,000. In this calculation, however, the velocity modification of one molecule of a collision pair in the new scheme is reduced to 60% of the full value because the distortion of the profile appears with the full modification (Fig. 10) . Figures 8 and 9 indicate that the mountain-like profile for the reflection shock in the new scheme (c) is improved apparently from the conventional scheme (b) and becomes close to the result (a). Figure 11 shows the density profiles in planes normal to the jet axis (x/d=3.1 and x/d=4.0). The shapes like mountains in Fig.  11 indicate the density profiles between the barrel shock and the jet boundary. The new collision scheme (c) improves the simulation results as expected.
3D Structure of a Supersonic Free Jet through a Circular Orifice
The new collision method is applied to the calculation of a three-dimensional structure of the supersonic free jet as the last example. That is, it is an extension of the above axisymmetric jet to the three-dimensional flowfield. When the free jet flows through a circular orifice, since it has instability essentially, the axisymmetric structure is not maintained [9] . The Knudsen number calculated based on the mean free path at the upstream stagnation and the orifice diameter d is about . In order to calculate accurately, the upstream flowfield of the orifice is included in this calculation, although the above axisymmetric calculation adopts only the downstream flowfield of the orifice. The ratio of the upstream stagnation pressure to the downstream backpressure is 50. The result obtained by the conventional collision scheme and that by the new collision scheme are compared. About 13,000,000 cells and about 40,000,000 molecules are used in each calculation. Since this calculation is three-dimensional, the table of the temperature and the flow velocity used for the modification of molecular velocities in the new scheme may become very large. Therefore, in order to reduce the required memory, the table used in the present calculation is restricted to the limited area downstream of the orifice that seems to be important. Moreover, those data are constructed in a coarser interval than the cell network. Since a complete modification (100%) of molecular velocity may cause the distortion of the flowfield just like the axisymmetric calculation, the correction is limited to 50% in this calculation for safety's sake. Figure 12 shows the density contours of the downstream flowfield obtained by both the schemes. Density contours near the Mach disk and the reflection shock calculated by the new collision scheme (b) are drawn densely compared with those by the conventional collision scheme (a). Since the density change of the vicinity of the shock can be calculated correctly by using a fine network of cells as shown in the above axisymmetric calculation, the density contours seems to be also improved by the new collision scheme in the three-dimensional calculation. The petal pattern of the density contours is known to appear in a plane normal to the jet axis by the experiment [10, 11] . Figure 13 shows the density contours in two planes obtained by both the schemes. The petal patterns in the jet cross sections calculated by the new collision scheme appear more clearly than the results of the conventional calculation, although the petal patterns by the new collision scheme are not yet complete as compared with the results of the continuum calculation (Figs. 14, 15 and 16 ). The continuum results of density and vorticity contours are obtained with the general-purpose flow solver, CFD2000 developed by Adaptive Research.
CONCLUSION
A new intermolecular collision scheme is developed to obtain improved results when using a coarse cell network. Only steady flow is targeted at this time. The calculation time excluding the time for the Pass 1 solution is about 10-20% greater than that compared to the conventional scheme. The new collision scheme using only 20 cells can produce almost the same results of density and temperature as those obtained by the conventional scheme using 300 cells in the calculation of one-dimensional normal shock wave. The new collision scheme can also yield acceptable results in the calculation of a two-dimensional vortex in a cavity. It turns out that in the simulation of a supersonic free jet in an axisymmetric flowfield the new collision scheme using a coarse cell network leads to a good result that is similar to the results by the conventional collision scheme with a fine cell network. However, the full modification leads to a distortion of results. In this calculation, a good result can be obtained by decreasing the velocity modification to 60%. For the calculation of the three-dimensional free jet, the improvement of the result can be seen in comparison with the results obtained by the continuum calculation, although the amount of the velocity modification is also limited to 50%. The DSMC method has the feature that the calculation is very stable compared with other simulation methods such as the finite difference method. It is necessary to apply the new intermolecular collision scheme very carefully because this technique has an undesirable possibility of making the stability of the DSMC method a wastepaper. It is required in the future to examine the mechanism about the distortion that occurs when the amount of the modification comes close to 100%.
